MAGNETIC ACTUATOR 



BACKGROUND OF THE INVENTION 
Field of the Invention 
5 This invention relates to a magnetic actuator for use in optical scanners or 

the like. 

Prior Art 

Figs. 9 and 10 illustrate an example of the construction of the prior art 
actuator useful in the application concerned which is manufactured utilizing 

10 silicon micromachining technique as disclosed in Figs. 1 1 and 12 of Japanese 
Patent Application Publication No. 6-180428. This actuator comprises a frame 
1 1, a movable board 12 located in the frame, and a pair of torsion hinges 13 
supporting and mounting the movable board 12 to the frame 1 1, all these parts 
being integrally formed by etching in silicon. 

15 The frame 11 is mounted on a substrate 15 with an insulating spacer 14 

interposed therebetween, the substrate 15 being formed with a pair of fixed 
electrodes 16 on the surface opposing the movable board 12. 

The movable board 12 acts as a movable electrode, so that upon a voltage 
being applied between either one of the fixed electrodes 16 and the movable 

20 board 12 through the frame 1 1 and the torsion hinges 13, static electricity is 

produced between the two to electrostatically attract the movable board 12 to the 
fixed electrode 16 to pivot the board about an axis defined by the pair of torsion 
hinges 13. 

In the electrostatically operated actuator, as shown in Figs. 9 and 10, it is to 
25 be noted that as the angle of rotation of the movable board 12 is increased, the 
voltage required to rotate the board is increased. In other words, a very large 
driving voltage is required in order to provide a large angle of rotation (angle of 
actuation). 
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In addition, since the prior art actuator is configured to apply the driving 
voltage to the movable board 12 itself, it presented a problem in terms of 
reliability in that there is a possibility of failure in operation due to displacement 
of the charge, for example. 

5 

SUMMARY OF THE INVENTION 
This invention addresses the aforesaid prior art problems and contemplates 
to provide a magnetic actuator which is capable of realizing a relatively large 
angle of actuation with a relatively low driving voltage. 

10 In order to solve the aforesaid problems, according to the invention set 

forth in claim 1, a magnetic actuator is provided which comprises a permanent 
magnet; a pivotally movable member located at an oblique magnetic field 
position offset in a direction parallel to a top surface of the permanent magnet by 
a predetermined horizontal distance from the center of said permanent magnet 

15 and spaced a predetermined vertical distance upwardly from the top surface of the - 
permanent magnet within a magnetic field generated by the permanent magnet; 
torsion hinge means pivotally movably supporting the pivotally movable member 
at its one end portion adjacent the center of said permanent magnet; a movable 
member; and drive means for driving said movable member; wherein the 

20 movable member is driven towards the torsion hinge means in a direction 

orthogonal to a pivot axis defined by the torsion hinge means by the drive means 
to be brought in a space between the permanent magnet and the pivotally 
movable member; the pivotally movable member and the movable member are 
ferromagnetic, whereby the pivotally movable member is caused to pivot by a 

25 repulsive force produced between the pivotally movable member and the 
movable member as the movable member is driven to move nearer to the 
pivotally movable member. 
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According to claim 2, in the invention set forth in claim 1, each of the 
pivotally movable member and the movable member comprises a substrate and a 
ferromagnetic film formed on the surface of the substrate. 

According to claim 3, in the invention set forth in claim 2, the 
5 ferromagnetic film is formed in the form of a frame on the surface of the 
substrate. 

According to claim 4, in the invention set forth in claim 3, the 
ferromagnetic film in the form of a frame has its frame interrupted at one place. 

According to claim 5, in the invention set forth in claim 1, the drive means 
10 is an electrostatic actuator comprising movable comb electrode means and fixed 
comb electrode means disposed opposite to each other. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a perspective view illustrating an embodiment of the magnetic 
15 actuator according to this invention. 

Fig. 2 is a fimdamental diagram for illustrating the principle on which the 
magnetic actuator according to this invention works. 

Fig. 3 shows, in the upper diagram, local magnetic moments being 
generated within the body of the ferromagnet bar immediately after it is inserted 
20 into the magnetic field and shows, in the lower diagram, showing the local 

magnetic moments augmenting each other and align in a horizontal direction (its 
longitudinal direction) so that the ferromagnet bar becomes a bipolar piece 
having a magnetic moment in a longitudinal direction. 

Fig. 4 is a diagram showing the ferromagnet bar coming to rest at a 
25 position where the moment of force, the gravity and the drag force of a fulcrum 
are in equilibrium, when the ferromagnet bar is pivotally supported on the 
fiilcrum. 
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Fig. 5 is a diagram showing a second ferromagnet bar being brought into a 
space near to the fulcrum of the first ferromagnet bar whereupon the two 
ferromagnet bars will have the same polarity whereby there occurs a repulsive 
force between the two ferromagnet bars. 
5 Fig. 6 is an illustration showing a preferable example of the configuration 

of the ferromagnet bar. 

Fig. 7 is an illustration diagrammatically showing the magnetic actuator 
according to this invention. 

Figs. 8A-8C illustrate steps (1) - (14) of a process of manufacturing the 
10 magnetic actuator shown in Fig. 1. 

Fig. 9 is a perspective view illustrating an example of the prior art 
magnetic actuator in which the movable board is pivotally supported by torsion 
hinges. 

Fig. 10 is a cross-sectional view of the prior art magnetic actuator shown in 

15 Fig. 9. 

BEST MODES FOR CARRYING OUT THE INVENTION 
An embodiment of this invention will be described below with reference to 
the accompanjdng drawings. 
20 Fig. 1 shows an embodiment of the magnetic actuator according to this 

invention, and Figs. 2 -5 illustrate the principle on which this magnetic actuator 
works. First, the operational principle of the magnetic actuator according to this 
invention will be described with reference to Figs. 2 -5. 

As illustrated in Fig. 2, when a ferromagnet bar A having a sufficient 
25 thinness (say about 0.5 |im) and a sufficient width (say about 10 |im) and a 
sufficient length (say about 200 fxm) as compared with the aforesaid width is 
located in the horizontal direction (parallel to the surface of a permanent magnet 
M) at a certain position (in which the ferromagnet bar is offset by a distance D2 
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in terms of its forward end from the center of magnetic field on the surface of the 
permanent magnet M and is spaced a distance Dl upwardly from the permanent 
magnet M, in other words, a position where the ferromagnet bar will be subject to 
a magnetic field in an oblique direction from the permanent magnet M and which 
5 will be referred to as oblique magnetic field position) within the magnetic field 
generated by the permanent magnet M, local magnetic moments generated within 
the body of the ferromagnet bar A immediately after it is inserted into the 
magnetic field as shown in the upper half of Fig. 3 augment each other and align 
in its longitudinal direction so that the ferromagnet bar A becomes a bipolar piece 

10 having a magnetic moment in the longitudinal (horizontal) direction as shown in 
the lower half of Fig. 3. (The ferromagnet bar A may be in the form of a frame 
instead of a bar, but the following explanation will continue with reference to the 
ferromagnet bar.) 

When this ferromagnet bar A is pivotally supported on a fulcrum S 

15 adjacent one end of the bar toward the center of the magnet M as shown in Fig. 4, 
a moment of force Ml is exerted on the ferromagnet bar in a direction tending to 
displace it towards an orientation parallel to a line of magnetic force passing 
through the fulcrum S (magnetic torque is generated). As a result, the 
ferromagnet bar A comes to rest at a position where the moment of force Ml , the 

20 gravity M2 and the drag force M3 of the fulcrum are in equilibrium, a position 
(attitude), for example where it is inclined by an angle 9 with respect to a plane 
parallel to the magnet surface as shown in Fig. 4. 

If a second ferromagnet bar B similar to the first ferromagnet bar A is 
moved toward the ferromagnet bar A in such a condition as shown in Fig. 4, in a 

25 direction indicated by an arrow C in Fig. 5 so as to interpose between the 

ferromagnet bar A and the permanent magnet M, the two ferromagnet bars A and 
B will have the same polarity when the second ferromagnet bar is brought near to 
the fulcrum S of the first ferromagnet bar A, and there occurs a repulsive force 
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M4 (magnetic repulsion) between the two which produces a rotation moment on 
the first ferromagnet bar A to rotate it in the direction indicated by the arrow E in 
Fig. 5. 

As the ferromagnet bar B is moved closer to the ferromagnet bar A, not 

5 only the repulsive force between the two ferromagnet bars is increased, but also 
the magnetic field is intensified, so that the magnetic flux generated within the 
ferromagnet bar B is intensified. Consequently, the closer the ferromagnet bar 
B is approaching to the ferromagnet bar A, the greater the rotation moment 
produced within the ferromagnet bar A is augmented to thereby enable the 

10 actuator movement with a very large angle of rotation (angle of actuation). 

It is to be noted that while the ferromagnet bars A, B described above may 
be in the form of a board, it may be made in the rectangular shaped frame (ring) 
shown in Fig. 6 with respect to the ferromagnet frame A so as to facilitate more 
uniform magnetization of the ferromagnet frame in a horizontal direction. 

15 Further, it is possible to suppress the generation of current due to changes 

in the magnetic field during the actuation of the ferromagnet bar A and control 
the resulting disturbance of the magnetic field to thereby stabilize the operation 
by making the ferromagnet bar in the form of a rectangular shaped loop 
interrupted at one place as shown in Fig. 6, instead of a closed loop. 

20 Fig. 7 diagrammatically illustrates a magnetic actuator operating on the 

principle of operation as explained above in which the ferromagnet frames A and 
B are formed as interrupted frame-like members and disposed on boards P and Q, 
respectively. In Fig. 7, the character T indicates a torsion hinge pivotally 
supporting the board P. 

25 The specific construction of the magnetic actuator according to this 

invention will now be described with reference to Fig. 1. 

A pivotally movable member 21 in this embodiment comprises a substrate 
22 in the form of a rectangular board about 200 |a.m square and about 3 |j.m thick 
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in this example, and a ferromagnetic film 23 formed on the surface of the 
substrate 22, the ferromagnetic film 23 being in the form of a rectangular frame 
about 200|im long, I0\im. wide and 0.5|am thick and interrupted at one place. 
The pivotally movable member 21 has a pair of torsion hinges 24 
5 extending oppositely outwardly from the opposite sides thereof adjacent its one 
end closer to the center of the magnet M to pivotally movably support the 
pivotally movable member 2 1 . The pair of torsion hinges 24 are formed at one 
ends integrally with the substrate 22 of the pivotally movable member 21 and at 
the other ends integrally with the upper pedestal parts 25 b of the pedestal 25 

10 which are connected to and supported by associated lower pedestal parts 25a of 
the pedestal 25 which are in turn secured on a base 26. 

The base 26 is in the form of a rectangular frame cut away in the middle of 
one side thereof, and a permanent magnet 27 is disposed in the cut-away portion. 
The permanent magnet 27 is in the form of a rectangular block having its interior 

15 lines of magnetic force vertically miming, that is, having an N pole (or S pole) on 
the upper surface opposing the pivotally movable member 2 1 . The pivotally 
movable member 21 is located at an oblique magnetic field position within the 
magnetic field generated by this permanent magnet 27. It is to be understood 
that the oblique magnetic field position in which the pivotally movable member 

20 21 is disposed may be appropriately determined in terms of the distances Dl and 
D2 depending on the relative design of the shape and size of the permanent 
magnet and the shape and size of the ferromagnetic film 23 of the pivotally 
movable member 21. 

A movable member 31 driven to move into and out of a space between the 

25 permanent magnet 27 and the pivotally movable member 21 comprises a 
substrate 32 in the form of a rectangular board and a ferromagnetic film 33 
formed on the surface of the substrate 32. Like the ferromagnetic film 23 of the 
pivotally movable member 21, the ferromagnetic film 33 of the movable member 
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31 is also in the form of a rectangular frame (same size as the ferromagnetic film 
23) interrupted at one place (which is a different place than that where the 
ferromagnetic film 23 is interrupted). It is to be noted that the ferromagnetic 
film 33 is placed on the substrate 32 of the movable member 31 toward its 
5 forward end adjacent the pivotally movable member 2 1 . 

The movable member 3 1 has a pair of support beams 34 formed integrally 
with and extending in a zigzag pattern oppositely fi-om the opposite sides thereof 
adjacent its rearward end, the support beams 34 having base portions 35 formed 
at their other ends integrally therewith. The movable member 3 1 is supported 

10 on the base 26 by means of the support beams 34 and base portions 35, and is 
adapted to be able to move towards the permanent magnet 27 because of the 
flexible nature of the zigzag support beams 34. The substrate 32 of the movable 
member 31 further has movable comb electrodes 36 formed integrally with and 
extending from the opposite sides thereof intermediates its opposite ends. The 

15 movable comb electrodes 36 are disposed so as to be interdigitally engageable 
with fixed comb electrodes 37 having base portions 37a fixed to and supported by 
the base 26. The movable comb electrodes 36 and the fixed comb electrodes 37 
constitute an electrostatic actuator. 

The movable member 31 supported as described above is driven by the 

20 electrostatic actuator, and a surface portion of the movable member 3 1 is 
preferably finished to be a mirror face so that it acts as a magnetic actuator. 

In this structure, the substrate 32 of the movable member 31, the support 
beams 34, the base portions 35, and the movable comb electrodes 36 are formed 
in one piece by etching a silicon substrate, for example. The fixed comb 

25 electrodes 37 and the lower pedestal parts 25a of the pedestals 25 may also be 
formed from the same silicon substrate. 

The substrate 22 of the pivotally movable member 21, the torsion hinges 24 
and the upper pedestal parts 25b of the pedestals 25 may be integrally formed in 
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one piece as by polysilicon film, for example. The ferromagnetic films 23, 33 
may be nickel films. The base 26 may also be formed from a silicon substrate. 

Although not shown in Fig. 1, it is to be noted that a layer of silicon 
dioxide is interposed as an electrical insulator between the base 26 and each of 
5 the pedestals 25, the base portions 37a of the fixed comb electrodes 37 and the 
base portions 35 of the support beams 34 which are fixed to the base 26. 
Likewise, a silicon dioxide layer is interposed between the lower pedestal parts 
25a and the upper pedestal parts 25b of the pedestals 25. Further, the 
ferromagnetic films 23 and 33 are formed on the respective substrates 22 and 32 

10 with silicon dioxide layers interposed therebetween. 

In the magnetic actuator constructed as described above, the pivotally 
movable member 21 and the movable member 31 correspond to the ferromagnet 
bar A and the ferromagnet bar B, respectively of the magnetic actuator described 
hereinbefore with respect to the principle of operation according to this invention. 

15 More specifically, upon a vohage being applied between the movable comb 
electrodes 36 and the fixed comb electrodes 37, the movable comb electrodes 36 
are electrostatically attracted toward the fixed comb electrodes 37 and hence the 
movable member 31 is driven parallel to the surface of the base 26 and fi-om a 
direction orthogonal to the pivot axis of the torsion hinges 24 towards the pivot 

20 axis to be brought in a space between the permanent magnet 27 and the pivotally 
movable member 21 located within the magnetic field produced by the permanent 
magnet 27, whereby the pivotally movable member 21 is rotated by a repulsive 
force generated between the pivotally movable member 21 and the movable 
member 3 1 . 

25 With the magnetic actuator constructed as described above, it is to be 

appreciated that it is possible to impart a large driving angle (angle of rotation) to 
the pivotally movable member 21 by driving the movable member 31 linearly 
(horizontally), and that it is possible to drive the movable member 3 1 with a low 
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voltage since it is driven by the comb type electrostatic actuator. 

It is further to be noted that because no voltage is applied to the pivotally 
movable member 21, there is no risk of failure in operation due to displacement 
of the charge in the pivotally movable member. It should be understood that the 
5 shape and size of the movable member, particularly the shape and size of its 
support beams as well as the location where the support beams are formed, and 
the shape and size of the electrostatic actuator are not limited to the configuration 
as herein illustrated. 

Next, a method of manufacturing the magnetic actuator shown in Fig. 1 
10 utilizing micromachining technique will be described step by step with reference 
to Figs. 8A-8C which illustrate cross-sectional views taken along the section Y-Y. 
Further, in the steps 13 and 14, in order to show that the various layers function 
as the component parts of the apparatus illustrated in Fig. 1 , the reference 
numerals for those layers are accompanied with the parenthesized reference 
15 numerals for the corresponding component parts. 

Step (1): A multi-layered SOI substrate 44 comprising a silicon dioxide 
layer 41 and silicon layers 42 and 43 disposed on the opposite surfaces of the 
layer 41 is prepared. 

Step (2): The SOI substrate 44 is subjected to heat oxidation to form 
20 silicon dioxide layers 45 and 46 on the top and bottom surfaces of the substrate. 

Step (3): A poly silicon layer 47 is formed on the silicon dioxide layer 45 
on the top side of the substrate by film forming process using a CVD 
(chemical-vapor deposition) apparatus, for example. 

Step (4): A silicon dioxide layer 48 is formed on the polysilicon layer 47 
25 by film forming process using a CVD apparatus, for example. 

Step (5): A pattern of the substrate, torsion hinges and pedestals of the 
pivotally movable member is formed on the silicon dioxide layer 48 by 
photolithography, and then the silicon dioxide layer 48 is etched in accordance 
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with that pattern by RIE (reactive ion etching) apparatus, for example. 

Step (6): The polysilicon layer 47 is etched as by RIE apparatus with the 
pattern of the silicon dioxide layer 48 as a mask. 

Step (7): The silicon dioxide layers 45, 48 on the top side are removed as 
5 by RIE apparatus, followed by again forming a silicon dioxide layer 49 on the 
polysilicon layer 47 and the silicon layer 42 by film forming process using a 
CVD apparatus, for example. 

Step (8): A pattern of the substrate of the movable member, support 
beams, base portions of the support beams, movable comb electrodes, fixed comb 
10 electrodes and lower pedestal parts of the pedestals of the torsion hinges is 

formed on the silicon dioxide layer 49 by photolithography, and then the silicon 
dioxide layer 49 is etched in accordance with that pattern as by RIE apparatus, for 
example. 

Step (9): The silicon dioxide layer 42 is etched as by RIE apparatus with 
15 the pattern of the silicon dioxide layer 49 as a mask. Then, a ferromagnetic 
layer 51 such as nickel is formed on the top surface as by spattering apparatus. 

Step (10): A pattern of the frames of the ferromagnetic layer for the 
pivotally movable member and for the movable member is formed on the 
ferromagnetic layer 5 1 by photolithography, followed by etching the 
20 ferromagnetic layer in accordance with that pattern as by milling. 

Step (1 1): A pattern for providing a space for accommodating the 
permanent magnet below the pivotally movable member is formed on the silicon 
dioxide layer 46 on the bottom side by photolithography, and then the silicon 
dioxide layer 46 is etched in accordance with that pattern, followed by etching 
25 the silicon layer 43 with the pattern of the silicon dioxide layer 46 as a mask. 

Step (12): A pattern of the base is formed on the silicon dioxide layer 46 
on the bottom side by photolithography, and then the silicon dioxide layer 46 is 
etched in accordance with that pattern while at the same time the silicon dioxide 
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layer 41 exposed on the back side of the movable member portion is removed by 
etching. 

Step (13): The silicon layer 43 on the back side of the movable member 
(31) and the silicon layer 42 on the back side of the pivotally movable member 
5 (21) are etched from the back side as by RIE apparatus with the pattern of the 
silicon dioxide layer 46 as a mask. Then, the silicon dioxide layer 41 for the 
movable member 3 1 and the silicon dioxide layers 45, 49 are etched. Thus, the 
structure of the magnetic actuator as shown in Fig. 1 without the permanent 
magnet 27 is produced by the steps described so far. 

10 Step (14): A lower support plate 52 is prepared and the base 1 6 is 

mounted on and secured to the lower support plate 52. In addition, the 
permanent magnet 27 is mounted on and secured to the lower support plate 52 at 
such a position that the magnet is positioned in the space underneath the pivotally 
movable member 21 . By the foregoing process, the production of the magnetic 

15 actuator as shown in Fig. 1 is completed. Preferably, the material of which the 
lower support plate 52 is made may be metal or semiconductor such as silicon in 
order to prevent malfunction of the actuator due to static electricity. 

While the pivotally movable member 21 and the movable member 3 1 are 
both rendered ferromagnetic by forming ferromagnetic films 23 and 33 on the 

20 surfaces of the substrates 22 and 32, respectively in the embodiment described 
above, it is to be understood that the pivotally movable member 21 and the 
movable member 3 1 may be configured to be made entirely of ferromagnetic 
material. 

Further, as explained with reference to the ferromagnet bar A in Fig. 4 and 
25 as also shown in Fig. 1, the pivotally movable member 21 is at a position pivoted 
for a predetermined angle even in its initial position in which it is subject to no 
repulsive force as the movable member 3 1 is retracted away from the pivotally 
movable member. However, the angle of the pivotally movable member 21 in 
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its initial position may be adjusted to a horizontal position, for example by adding 
an appropriate mass by a resist or metal on the free end of the pivotally movable 
member 21 opposite from the supported end at which it is supported by the 
torsion hinges 24. 

5 As discussed hereinabove, the magnetic actuator according to this 

invention is capable of providing a large angle of actuation with a relatively low 
driving voltage. 

In addition, since no voltage is applied to the pivotally movable member 21 
which is to be pivotally movably driven, there is no occurrence of failure in 
10 operation due to displacement of the charge in the pivotally movable member, 
whereby a highly reliable magnetic actuator may be obtained. 
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